Shape-controlled synthesis of nanomaterials through a simple, continuous, and low-cost method is essential to nanomaterials research toward practical applications. Hydrodynamic focusing, with its advantages of simplicity, low-cost, and precise control over reaction conditions, has been used for nanomaterial synthesis. While most studies have focused on improving the uniformity and size control, few have addressed the potential of tuning the shape of the synthesized nanomaterials. Here we demonstrate a facile method to synthesize hybrid materials by three-dimensional hydrodynamic focusing (3D-HF). While keeping the flow rates of the reagents constant and changing only the flow rate of the buffer solution, the molar ratio of two reactants (i.e., tetrathiafulvalene (TTF) and HAuCl 4 ) within the reaction zone varies. The synthesized TTFÀAu hybrid materials possess very different and predictable morphologies. The reaction conditions at different buffer flow rates are studied through computational simulation, and the formation mechanisms of different structures are discussed.
N anomaterials have attracted significant research interest because of their special chemical and physical properties and their wide applications in catalysis, 1 imaging, 2,3 photonics, 4À10 nanoelectronics, 11 sensors, 12À15 biomaterials, 16 and biomedicine. 17, 18 While composition, size, and shape can each dominate the intrinsic properties of nanomaterials, shape is increasingly recognized as an important parameter. 1,3,19À21 Therefore, significant effort has been devoted to synthesize nanomaterials with well-controlled shapes. For example, noble metal nanostructures in the shapes of rods, 22 wires, 23 belts, 24 cubes, 25 polyhedra, 26 plates, 27, 28 stars, 29 and dendrites 30, 31 have been produced recently. Shape-controlled synthesis has been achieved by approaches including wet chemical methods, 2 nanolithographic techniques, 32 and template-based synthesis. 33 Solution-based synthetic methods have been used broadly due to their simplicity. Recently, microfluidic devices amenable to automated operation have attracted increasing interest due to their ability to minimize human factors and synthesize uniform products. The laminar flow conditions in microfluidic reactors can confine the reaction zone (i.e., the region where reaction occurs) to the interface between two reagent flows. 34 Therefore, reaction conditions (e.g., flow rate, ionic concentration, and molar ratio between reagents) can be finely tuned, 35À38 leading to highly controllable parametrization throughout the synthesis process.
Hydrodynamic focusing has been used to focus reagents to the center of microfluidic channels. By protecting the channel wall from the precursors to avoid precipitation, the hydrodynamic focusing techniques can maintain consistent flow condition during longterm device operation; as a result, they often achieve high product uniformity. Both two-dimensional hydrodynamic focusing (2D-HF) 39 and threedimensional hydrodynamic focusing (3D-HF) 36,40À44 have been used for material synthesis already. Singlelayered hydrodynamic focusing devices 40, 44 have attracted research interests because they are fabricated using single-step standard soft lithography, and their single-layer property makes it possible for them to be scaled up for mass production through integration of many microfluidic modules. 45 Previous studies mainly focused on the fluid-focusing performance and/or the uniformity of the synthesized products. However, it has been rarely discussed that the size and shape of the synthesized products can be affected by the flow conditions.
In this work, we demonstrate the chemical ratio change within the reaction zone in a "microfluidic drifting"-based 3D hydrodynamic focusing device, while the flow rate of reagents is kept the same and flow conditions are only changed via changing the buffer flow rates. By using this method, we achieve shape-controlled synthesis of tetrathiafulvaleneÀAu (TTFÀAu) hybrid materials. Tetrathiafulvalene is an organic compound which has been used for a broad range of applications. 46À50 Figure 1 shows the microfluidic drifting-based 3D-HF device for the TTFÀAu hybrid material synthesis. The microfluidic device consists of four inlet channels and one outlet channel. Fluid injected from inlet A is first focused vertically by the vertical sheath flow from inlet B. Then the horizontal sheath flow from inlet C and D compresses the fluid from inlet A to the center of the channel. During the experiments, reagents were injected from inlet A (reagent A) and inlet B (reagent B) at constant flow rates. Acetonitrile was injected from inlet C and D as a buffer solution at various flow rates. The products were ejected from the outlet channel into a centrifuge tube containing acetonitrile for collection. We carried out two sets of experiments: (1) TTF solution was injected from inlet A and HAuCl 4 solution from inlet B, and (2) HAuCl 4 solution was injected from inlet A and TTF solution from inlet B. With different buffer flow rates, the synthesized TTFÀAu hybrid nanomaterials showed different morphologies, including branching aggregates, triangular or hexagonal shapes, multilayered structures, dendritic nanostructures, flower-like aggregates, coral-like aggregates, diamond shapes, and wires.
RESULTS AND DISCUSSION
Preparation of TTFÀAu Materials by the 3D-HF Method. The flow rate ratio is defined as the ratio between the total flow rate from inlets A and B to the total flow rate from inlets C and D, or flow rate ratio = (A þ B)/(C þ D). For the first set of experiments, 1.1 mM TTF solution was injected from inlet A at 30 μL/min and 0.27 mM HAuCl 4 solution from inlet B at 370 μL/min. Acetonitrile was injected from inlets C and D at various flow rates. As In the second set of experiments, 0.27 mM HAuCl 4 solution was injected from inlet A and 1.1 mM TTF solution from inlet B at constant flow rates of 30 and 370 μL/min, respectively. As shown in Figure 3 , as the buffer flow rate decreased and flow rate ratio increased, the morphologies of the synthesized materials experienced changes through (a) diamond shape with an apex angle of 58°, (b) long wires of several tens of micrometers, (c) wires of ∼10 μm, and (d) wires of 3À5 μm. In general, the products were one-dimensional structures, whose sizes first increased and then decreased with the increase of flow rate ratio. Structures with lengths comparable to the channel dimension ( Figure 3b ) were often formed parallel to the flow direction. 51 Possible Mechanism of Morphological Evolution with Change of Buffer Flow Rate. At first glance, it is surprising that variation of the buffer flow rate alone leads to significant change in the morphologies of the obtained materials. The reactions studied were considered to have reached completion due to dilution as the product solution was ejected from the outlet channel into the acetonitrile solution, so the entire reaction took place within the channel at the interface between the two reagent streams (reaction zone). As one of the reagents is focused at the center of the channel, the reaction zone is then near the outer profile of the focused reagent stream. 
ARTICLE
Changing the buffer flow rate affects both mechanical and chemical conditions within the microfluidic channel. With the increase in buffer flow rate, the shear stress present at the interfaces of the coflowing streams increases. 52, 53 Since shear stress is known to affect the crystallization by aligning or rotating molecules along the flow direction, increased shear stress may lead to orientation-induced structures. 54 One might attribute the morphological changes in our experiments to the change in shear stress. However, as shown in Figure 2 , the materials synthesized from the first set of experiments showed dendritic and aggregate features without any directionality or alignment. Also, the highest shear stress within the reaction zone is calculated to be 3.75 Pa (see shear stress calculation in Supporting Information for details), which is much lower than the shear stress (g0.5 Â 10 5 Pa) 54 used to affect the crystallization. Therefore, the changes in the mechanical conditions are not the main reason for the change in morphologies.
Changing the buffer flow rate can also affect the chemical concentration distribution within the channel. Figure 4 shows the computational fluid dynamic simulation of the concentration distribution of the reagents after the introduction of buffer flows. As described in previous work from our group, 42, 43 reagent A drifts laterally to the opposite side of channel due to Dean vortices caused by the high flow rate of reagent B within a curved channel, resulting in vertical focusing. Reagent A then becomes wrapped within reagent B. The introduction of the buffer solution from inlets C and D compresses the combined streams of reagents A and B horizontally and further focuses reagent A to the center of the channel. During the focusing process, the reaction occurs at the outer profile of reagent A (reaction zone). There are two effects of the change in buffer flow rate on the chemical condition within the reaction zone. First, as the buffer flow rate increases (or flow rate ratio decreases), reagent B is diluted due to diffusion at the interface between reagent B and the buffer streams. As a result, a partial amount of reagent B cannot participate in the reaction since it diffuses out of the reaction zone. However, there is only a slight variation in the amount of reagent A within the reaction zone since it is wrapped within reagent B and shares no interface with the buffer streams. Second, as the buffer flow rate increases, the outer profile of reagent B, where the concentration is lower, is "pushed" toward the reaction zone. As a result, the molar ratio of A/B increases as the buffer flow rate increases (or flow rate ratio decreases).
Therefore, the morphological evolution in the synthesized materials may be primarily due to the change in molar ratio between reagents A and B within the reaction zone. According to the experimental parameters, the products shown in Figure 2a were synthesized at the lowest molar ratio of TTF/HAuCl 4 , and products in Figure 3d were synthesized at the highest molar ratio.
Formation Mechanism of Different Structures. To determine the effects of molar ratio on the synthesized materials, the formation mechanism of the TTFÀAu ARTICLE hybrid structure must be understood. TTF is a wellknown electron donor unit. As shown in Figure 5a , electron-rich TTF can reversibly lose one or two electrons to form radical cation TTF þ• and dication TTF 2þ . 55À60 At the same time, this electron transfer reaction from TTF to gold cations leads to the formation of zero-valent gold (Au 0 ). 61 Figure 5b shows the 1D crystallization by the interaction between radical cation TTF þ• and the neutral TTF along the c-axis, which results in 1D structures. 50, 62, 63 The reaction between TTF and HAuCl 4 is sensitive to the feed molar ratio. As the feed molar ratio between TTF and HAuCl 4 changes, different crystal structures can be formed ( Figure S10 in the Supporting Information).
When the molar ratio of TTF/HAuCl 4 is very low, the concentration of HAuCl 4 is much higher than TTF, and the major products are gold crystals. TTF acts as a capping agent by being absorbed on the (111) plane of gold crystals. 61 While the (111) plane is stabilized and further growth is inhibited, the gold crystals show the (111) plane as the top surface (as indicated in Figure  S10 ). Therefore, the products in Figure 2aÀc should be gold structures. In Figure 2a , the molar ratio of TTF/ HAuCl 4 was so low that only very few gold cations were reduced to Au 0 , and the low concentration of gold resulted in small gold structures. From Figure 2aÀc , the molar ratio of TTF/HAuCl 4 increased and the concentration of Au 0 increased, due to the capping agent effect of TTF, and the structures began to appear in thin layers, possibly with the top face of the (111) plane.
Further increase of the molar ratio of TTF/HAuCl 4 resulted in structures showing features dramatically different from gold crystals, which may be caused by the interaction of gold and TTF crystallization. In this case, it became difficult to get pure structures, as evidenced in Figure 2dÀf . The morphologies of twodimensional dendritic fractal structures in Figure 2d are generally associated with non-equilibrium growth phenomena. 64, 65 As the particles travel through Brownian trajectories to the growing clusters, they stick to a cluster arm, and thus growth preferentially takes place at exterior sites, resulting in fractal structures. However, the "branches" of structures in Figure 2d are straight, which are different from those random fractal structures, 48 indicating that the 1D crystallization of the neutral and oxidized TTF may have played a role during the formation process. In Figure 2e , flower-like aggregates consisting of thin and flat petals with holes were obtained. The formation of this type of structures may be due to fast crystallization process. The concentration of gold was high enough to cause TTF molecules to wrap within the quickly crystallized gold disk. Later in the acetonitrile, the wrapped TTF was dissolved gradually, leaving the observed holes on the disks. 61 In Figure 2f , coral-like aggregates consisting of fibers were obtained, which started to show features of the 1D TTF crystallization.
Further increase in molar ratio of TTF/HAuCl 4 results in TTF-based crystal structures (as indicated in Figure  S10 ), with gold clusters acting as capping agents by bonding to the S sites of the TTF crystals through covalent AuÀS bonds. The AuÀS bonds inhibit the lateral or multidimensional growth of TTF crystals. 66 As a result, products in Figure 3 show 1D features. From Figure 3a ,b, the increase in the molar ratio resulted in higher concentrations of both neutral and oxidized 
TTF, leading to the increase in size. However, further increase of the molar ratio from Figure 3c ,d decreased the HAuCl 4 available to oxidize TTF, and the lack of oxidized TTF resulted in decreased size.
Optical Properties of the Product Solutions. The UVÀvis absorption spectra of the freshly made solutions are shown in Figure 6a . All of the samples show absorption peaks at 442 and 587 nm, which are the absorption bands derived from the πÀπ* transition of the TTF cation radical. 62, 67 This absorption behavior indicates that the electron transfer reaction occurred in the solution and resulted in the formation of the radical cation TTF þ• .
The top group of data corresponds to samples shown in Figure 2 . When the flow rate ratio is high, the absorption peak around 510 nm is enhanced. This 510 nm peak is caused by the surface plasmon resonance absorption of gold nanoparticles, evidencing the formation of gold nanocrystals (Figure 2aÀc ). 68 When the flow rate ratio is e5, the absorption at 510 nm is diminished, indicating the change of synthesized structures (Figure 2dÀf ). This top group of curves also shows a small absorption peak at 402 nm, which is similar to the absorption peak of the TTF radical cation dimerization, (TTF þ ) 2 . 69, 70 The spectra in the second group exhibit no absorption peak at 510 nm, indicating an absence of a discernible gold nanocrystal, which matches with Figure 3 . The curves in this group are similar, even though the SEM images of the corresponding samples show different structures. This is because the UVÀvis absorption spectra detect the product solution including chemicals within and outside the reaction zone. Since the flow rates of TTF and HAuCl 4 solutions were kept as constants, the molar ratios of TTF/HAuCl 4 in the product solution from this set of experiments were identical. As a result, the UVÀvis absorption spectra are similar. The TTF crystalline structures show absorption in the infrared region, which is out of the detection range of the UVÀvis spectra. 66 Examination of the Possible Mechanism of Morphological Evolution. Above, we explained the morphological evolution with the variation of buffer flow rate by the molar ratio change within the reaction zone. If this explanation is true, similar structures should be able to be synthesized by the conventional bulk mixing method with various feed molar ratios. Also, the morphological evolution should follow the same trend as discussed above.
The bulk mixing experiments were carried out with a series of feed molar ratios of TTF/HAuCl 4 . As expected, structures similar to those in Figures 2 and 3 were obtained, as shown in Figures S8 and S9 in the Supporting Information. The morphological evolution of samples synthesized by the bulk mixing method also follows the previous discussion. The UVÀvis absorption spectra of the bulk mixing samples are also similar to those of the 3D-HF samples, with only slight differences. As shown in Figure 6b , the UVÀvis absorption spectra of bulk mixing samples can be divided into two groups. The first group of spectra is similar to that of pure HAuCl 4 solutions. Within this group, as TTF/ HAuCl 4 increases, the absorption at 510 nm increases, indicating that more gold nanoparticles were formed. In contrast to the 3D-HF samples, no obvious peaks of the TTF cation radical (442 and 587 nm) can be observed in this group of data, due to the lack of TTF in the solutions. The second group of spectra is similar Figure 6 . Absorption spectra of the product solutions from (a) 3D-HF and (b) bulk mixing experiments. (a) In the case of 3D-HF, two evident absorption bands derived from the πÀπ* transition of the TTF cation radical appear at 442 and 587 nm in all cases, indicating that the electron transfer reaction proceeded and resulted in the formation of TTF radical cations. For samples in group 1, as the flow rate ratio of (A þ B)/(C þ D) increases, the absorption at a wavelength around 406 and 510 nm increases. The absorption peak at 510 nm indicates the formation of gold nanoparticles. This absorption band is significantly damped because of small particle size and the organic capping by TTF. (b) In the case of bulk mixing, when the feed molar ratio is TTF/HAuCl 4 e 0.171, the absorption band at 510 nm increases as the feed molar ratio of TTF/HAuCl 4 increases, indicating formation of more gold nanoparticles. When the feed molar ratio is TTF/HAuCl 4 g 0.43, the absorption band at 510 nm decreases as the TTF/HAuCl 4 increases, indicating less formation of gold nanoparticles. The strong bands at 442 and 587 nm show the presence of TTF radical cations. When TTF/HAuCl 4 = 0.43, the absorption band at 406 nm appears.
to that of pure TTF solution. When TTF/HAuCl 4 equals 0.43, the absorption spectrum exhibits a peak around 402 nm, similar to the spectrum with flow rate ratio of 2 in Figure 6a , indicating that similar compounds were synthesized in these two cases. Further increase in TTF/ HAuCl 4 decreases the intensity of the absorption peaks at 442 and 587 nm. When TTF/HAuCl 4 g 82. 64 , the peak at 587 nm almost disappears, underlying the decreased amount of radical cation TTF þ . This trend was not shown in Figure 6a , owing to the constant TTF/ HAuCl 4 ratio in the 3D-HF product solutions.
Overall, by changing the feed molar ratio during the bulk mixing process, structures similar to the samples synthesized by the 3D hydrodynamic focusing method can be produced. The morphologies, optical properties, and crystalline structures of the materials synthesized by the bulk mixing method agree well with the proposed mechanism of morphological evolution, indicating the molar ratio change in the reaction zone within the microfluidic device during the 3D-HF experiments. Therefore, we have demonstrated how the flow conditions can change the chemical environment within microfluidic channels. The current 3D-HF devices were only operated for a short period of time for the demonstration. In our experiments, selected samples fabricated by the 3D-HF method show better uniformity than those by the bulk mixing method and 2D-HF ( Figure S11 and Table S2 in the Supporting Information). Further optimization, such as surface treatment within the microfluidic channel or redesign of channel geometry, can be applied to protect the channel wall from precursors to avoid precipitation during long-term operation.
CONCLUSIONS
We have demonstrated a facile method to synthesize TTFÀAu hybrid materials by 3D-HF. While keeping the flow rate of reagents constant and changing only the buffer flow rate, the synthesized materials showed different morphologies. We proposed the working mechanism of local molar ratio variation by change in the buffer flow rate. This proposed mechanism was based on the computational simulation results and was further proved by the similar structures synthesized using the bulk mixing method. This study contributes to the implementation and understanding of how 3D-HF can achieve shape-tunable synthesis of nanomaterials in a simple one-step process.
MATERIALS AND METHODS
Materials. Tetrathiafulvalene (TTF) and hydrogen tetrachloroaurate (HAuCl 4 ) were purchased from Sigma-Aldrich. The reagent solutions were prepared by dissolving TTF in acetonitrile at a concentration of 1.1 mM and HAuCl 4 in acetonitrile at a concentration of 0.27 mM. All materials were used without any further treatment.
Device Preparation. The 3D-HF microfluidic channel was a single-layer polydimethylsiloxane (PDMS) microchannel fabricated using soft lithography techniques, as reported previously by our group. 42,44,71À73 Briefly, the mold was patterned on a silicon wafer with a photoresist (SU8-2050). The surface of the mold was modified to render hydrophobicity by coating it with 1H,1H,2H,2H-perfluorooctyltrichlorosilane (Sigma-Aldrich). The PDMS mixture was prepared by mixing the base and curing agent (Sylgard 184 silicone elastomer from Dow Corning) at the weight ratio of 10:1 and then poured onto the mold, degassed in a vacuum chamber, and later cured at 65°C for 30 min. Subsequently, the half-baked PDMS channel was removed from the mold. The inlets and outlets were drilled with a Harris Uni-Core puncher. The channel was treated with oxygen plasma and bonded to a micro-cover-glass slide. Then, the whole microfluidic channel was cured at 65°C overnight. The microfluidic chip was connected to syringes via tubing, and the flow rate was controlled by the neMESYS syringe pump system (Cetoni GmbH).
Preparation of TTFÀAu Materials by the 3D-HF Method. In the first set of experiments, TTF solution was injected from inlet A and HAuCl 4 solution from inlet B at flow rates of 30 and 370 μL/min, respectively, as demonstrated in Figure 1 . Acetonitrile was injected from inlets C and D as buffer solutions. In the second set of experiments, HAuCl 4 solution was injected from inlet A and TTF solution from inlet B at flow rates of 30 and 370 μL/min, respectively. The product solution was ejected from the outlet into a centrifuge tube containing 1 mL of acetonitrile until the total volume reached 1.3 mL. The optical property of the product solution was measured immediately after collection. The samples were collected by centrifugation and dispensed in acetonitrile. A droplet of each sample was dropped on a silicon wafer. After evaporation, the samples were observed by FESEM imaging.
Computation Fluid Dynamics (CFD) Simulation. The concentration distribution of reagents was simulated at different flow rates using a commercial CFD simulation software (CFD-ACEþ, ESI-CFD). The simulation did not consider the reaction between TTF and HAuCl 4 .
Preparation of TTFÀAu Materials by the Bulk Mixing Method. TTF solution at 1.1 mM and HAuCl 4 solution at 0.27 mM were mixed in a 1.5 mL Eppendorf centrifuge tube at different molar ratios, while keeping the total volume at 0.5 mL. Vortexing was performed for 60 s to fully mix the solution. The optical properties of the product solution were measured immediately after vortexing. A droplet of the product solution of each sample was dropped on a silicon wafer. After evaporation, the samples were observed by SEM imaging.
To obtain clear XRD results, a minimum of 20 mL of the product solution is required for each sample. Multiple preparations were carried out to collect enough sample volume. Each time, TTF solution at 1.1 mM and HAuCl 4 solution at 0.27 mM were mixed at different molar ratios in a 1.5 mL Eppendorf centrifuge tube, while keeping the total volume at 1.5 mL. A 1 cm Â 1 cm silicon substrate was placed in a 50 mm diameter Petri dish containing 20 mL of product solution of each sample. After evaporation, powder formed on the silicon wafer with a thickness suitable for XRD characterization.
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